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Circulating Lipoprotein Lipids,
Apolipoproteins and Ischemic Stroke

Shuai Yuan, MD, MSc ,1 Bowen Tang, MD, MSc,2 Jie Zheng, PhD,3,4 and

Susanna C. Larsson, PhD 1,5

Objective: We conducted a Mendelian randomization (MR) study to disentangle the comparative effects of lipids and
apolipoproteins on ischemic stroke.
Methods: Single-nucleotide polymorphisms associated with low- and high-density lipoprotein (LDL and HDL) choles-
terol, triglycerides, and apolipoprotein A-I and B (apoA-I and apoB) at the level of genomewide significance
(p < 5 × 10−8) in the UK Biobank were used as instrumental variables. Summary-level data for ischemic stroke and its
subtypes were obtained from the MEGASTROKE consortium with 514,791 individuals (60,341 ischemic stroke cases,
and 454,450 non-cases).
Results: Increased levels of apoB, LDL cholesterol, and triglycerides were associated with higher risk of any ischemic
stroke, large artery stroke, and small vessel stroke in the main and sensitivity univariable MR analyses. In multivariable
MR analysis including apoB, LDL cholesterol, and triglycerides in the same model, apoB retained a robust effect
(p < 0.05), whereas the estimate for LDL cholesterol was reversed, and that for triglycerides largely attenuated.
Decreased levels of apoA-I and HDL cholesterol were robustly associated with increased risk of any ischemic stroke,
large artery stroke, and small vessel stroke in all univariable MR analyses, but the association for apoA-I was attenuated
to the null after mutual adjustment.
Interpretation: The present MR study reveals that apoB is the predominant trait that accounts for the etiological basis
of apoB, LDL cholesterol, and triglycerides in relation to ischemic stroke, in particular large artery and small vessel
stroke. Whether HDL cholesterol exerts a protective effect on ischemic stroke independent of apoA-I needs further
investigation.
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Blood lipids are established causal factors in the devel-
opment of stroke.1–3 It has been shown that high

concentrations of low-density lipoprotein (LDL) choles-
terol increase the risk of ischemic stroke,2–4 whereas high
concentrations of high-density lipoprotein (HDL) choles-
terol possibly decrease the risk of ischemic stroke, particu-
larly small vessel stroke.2,5 Furthermore, large-scale
randomized clinical trials have revealed that lowering cho-
lesterol concentrations with statins reduces the risk of
ischemic and overall stroke,6–8 despite an increase in

hemorrhagic stroke.8 However, given high phenotypic and
genetic correlation across different lipids and
apolipoproteins,9 it remains unclear whether one or more
lipid-related entities account for the observed associations
between lipids and stroke. Disentangling the associations
of atherogenic lipoprotein lipids and risk of stroke is of
great public health and clinical importance. First, a better
understanding of the comparative role of lipoprotein lipids
in stroke not only facilitates a clearer perception of the
underlying pathophysiology of stroke, but also helps to
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capture the most effective biomarker and corresponding
agent that lipid-modifying therapeutics should target. Sec-
ond, the findings can provide an evidence basis in guiding
the prevention and treatment of stroke among more than
one-quarter of the general population who has discordant
apolipoprotein B (apoB) and LDL cholesterol levels, in
particular those with obesity or type 2 diabetes.10,11

Third, such investigation will help unify the guidelines
concerning regular apoB measurement supported by
European Society of Cardiology/European Atherosclerosis
Society,12 but not by the American College of Cardiol-
ogy/American Heart Association.13

The amount of cholesterol and triglycerides vary
largely between lipoprotein particles,14–16 which results in
an imprecise quantification of the number of atherogenic
lipoproteins, although the levels of LDL cholesterol and
triglycerides quantifies the levels of these lipid substances
carried in circulating lipoproteins. In contrast, one apoB
molecule is included in each circulating atherogenic lipo-
protein particle.15,16 Thus, the level of apoB molecules is
proportional to the number of circulating atherogenic par-
ticles in the blood. Available evidence indicates causal
effects of increased LDL cholesterol, triglycerides, and
apoB on increasing stroke risk2,3 and a stronger effect of
apoB compared to LDL cholesterol on cardiovascular dis-
ease.17,18 It is plausible to assume that each lipid-related
entity played an individual causal role or that one trait,
such as apoB, predominated and accounted for the associ-
ations of related lipoprotein particle entities. Confined by
potential methodological limitations, such as residual con-
founding and reverse causality, traditional observational
study designs are unable to infer causality regarding the
role of lipoprotein lipids in the development of stroke.
Another approach is the Mendelian randomization
(MR) design, which utilizes genetic variants as

instrumental variables for an exposure to determine causal-
ity of an exposure-outcome association. Given correlations
across lipid-related traits,9 the multivariable MR frame-
work, as an extension to the traditional MR method,
should be recommended to appraise the association of cor-
related multiple risk factors with the outcome of interest
simultaneously. By including the genetic associations for
multiple exposures in the same model, the multivariable
MR can assess which traits retain causal associations with
the outcome through the genetic protection against con-
ventional biases, including unobserved confounders,
reverse causality, the inherent correction for measurement
error, and the avoidance of collider bias.19 Here, we
employed the traditional MR analysis to determine the
associations of individual lipid-related traits with ischemic
stroke and then multivariable to MR analysis to elucidate
which of the atherogenic lipid traits accounts for the etio-
logical basis of lipoprotein lipids in relation to stroke.

Materials and Methods
Study Design
An overview of the study design and used data sources are dis-
played in Figure 1 and Supplementary Table S1. Genetic instru-
ments for LDL and HDL cholesterol, triglycerides, and apoA-I
and apoB were selected based on the UK Biobank study.9 Data
for the associations of the lipid-related traits associated single-
nucleotide polymorphisms (SNPs) with ischemic stroke and sub-
types were available from the MEGASTROKE consortium.20

The univariable MR analysis aimed to investigate the association
of individual lipid-related traits with ischemic stroke and the
multivariable MR analysis aimed to compare the independent
effects of correlated lipid-related traits on ischemic stroke. We
first determined which one of apoB, LDL cholesterol, and tri-
glycerides predominantly accounted for the causal associations
with ischemic stroke. We then assessed the predominant entity
accounted for the inverse association of HDL-related phenotypes

FIGURE 1: Overview of study design. There are three key assumptions for Mendelian randomization (MR). Assumption 1: the
genetic variants selected as instrumental variables should be robustly associated with the lipid-related traits. Assumption 2: the
used instrumental variables should not be associated with any potential confounders. Assumption 3: the genetic variants of an
exposure should affect the risk of the outcome merely through the risk factor, not via other alternative pathways. IVW = inverse
variance weighted; SNP = single-nucleotide polymorphism.
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with ischemic stroke (HDL cholesterol and apoA-I). To expel
the possibility of reverse causality, we performed a reverse MR
analysis to examine the influence of liability to stroke on 5 lipid-
related traits. The UK Biobank study was approved by the North
West Multicenter Research Ethics Committee. Original studies
included in the MEGASTROKE consortium had been approved
by a relevant review board. The present analyses were approved
by the Swedish Ethical Review Authority.

Genetic Instrument Selection
Genetic variants, in this case SNPs, associated with LDL and
HDL cholesterol, triglycerides, and apoA-I and apoB levels were
extracted as instrumental variables for corresponding lipid-related
traits at the genomewide significance level (p < 5 × 10−8) from
the UK Biobank study including up to 343,992 individuals of
European ancestry.9 The mean age of included participants was
56.9 years old and approximately 54% were women. The mean
(standard deviation [SD]) levels were 3.57 (0.87) mmol/L for
LDL cholesterol and 1.45 (0.38) mmol/L for HDL cholesterol.
The median level of triglycerides was 1.50 (interquartile
range = 1.11) mmol/L. The mean values for apoB and apoA-I
were 1.03 (0.24) g/L and 1.54 (0.27) g/L, respectively. Associa-
tion tests were adjusted for age, sex, and a binary variable
denoting the genotyping chip individuals were allocated to in

UKBB. The linkage disequilibrium (LD) clumping was under-
taken to select independent SNPs (r2 < 0.001) based on a refer-
ence panel of 503 Europeans from phase III (version 5) of the
1000 Genomes Project21 and the SNP with the smallest p values
for the association with the trait of interest was retained in each
locus. In univariable MR analysis, we used 220 SNPs as instru-
ment variables for LDL cholesterol, 534 SNPs for HDL choles-
terol, 440 SNPs for triglycerides, 440 SNPs for apoA-I, and
255 SNPs for apoB (Supplementary Table S2). By combing
SNPs from related lipid-traits and selecting independent SNPs
(r2 < 0.01) by clump function in TwoSampleMR package,22 we
used 548 SNPs in the multivariable MR analysis of LDL choles-
terol, triglycerides and apoB, and 569 SNPs in the multivariable
MR analysis of HDL cholesterol and apoA-I. We used 32 SNPs
associated with stroke at the genomewide significance level as the
genetic instruments for stroke in the reverse MR analysis.20

Outcome Source
Summary-level data for ischemic stroke and subtypes were
obtained from the MEGASTROKE consortium encompassing
29 genomewide association studies (GWAS) with a final sample of
514,791 individuals (60,341 ischemic stroke cases and 454,450
non-cases) of multi-ancestry (European people as the majority,
86%).20 The stroke cases were defined as rapidly developing signs

FIGURE 2: Associations of lipid-related traits with stroke and subtypes in inverse-variance weighted model. AIS = acute ischemic
stroke; CES = cardioembolic stroke; CI = confidence interval; HDL = high-density lipoprotein; LAS = large artery stroke; LDL =
low-density lipoprotein; OR = odds ratio; SNPs = single-nucleotide polymorphisms; SVS = small vessel stroke.
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of focal (or global) disturbance of cerebral function, lasting more
than 24 hours or leading to death with no apparent cause other
than that of vascular origin. Any ischemic stroke was defined by
all stroke cases except for intracerebral hemorrhage. Any ischemic
stroke included large artery ischemic stroke (LAS; 6,688 cases),
cardioembolic ischemic stroke (CES; 9,006 cases), and small vessel
ischemic stroke (SVS; 11,710 cases) according to the Trial of Org
10,172 in Acute Stroke Treatment criteria23 and also included
ischemic stroke of undefined subtype. Association test was per-
formed under an additive genetic model with a minimum of sex
and age as covariates. Summary-level data for stroke based merely
on European population were used in a sensitivity analysis.
Summary-level genetic data for lipids and apolipoprotein were
obtained from Neale Laboratories (http://www.nealelab.is/).

Statistical Analysis
The inverse-variance weighted method was used as major analysis.
This method provides an estimate with the highest power and rely
on the assumption that all SNPs are valid instrumental variables.
The I2 (%) statistic was calculated to assess the heterogeneity among
estimates across individual SNPs.24 The weighted median approach
and MR-Egger regression were used as secondary analyses to exam-
ine the robustness of the results and correct for pleiotropy. The
weighted median analysis can generate consistent estimates if at least
50% of the weight in the analysis comes from valid instrumental
variables.25 The MR-Egger regression approach can detect and

correct for directional pleiotropy albeit with compromised power.25

Given genetic and phenotypic correlations across lipid-related traits
(Pearson’s R ranging from −0.49 to 0.96; Supplementary
Table S3),9 we further used multivariable inverse-variance weighted
method to disentangle and compare the effects of correlated lipid-
traits on ischemic stroke and subtypes. Odd ratios (ORs) and
corresponding 95% confidence intervals (CIs) for outcomes were
scaled to one-SD increase in levels of lipid-related traits. To account
for multiple testing, we considered associations with p values below
0.003 (where p = 0.05/20 [5 lipid-related traits and 4 stroke out-
comes]) to represent strong evidence of causal associations, and asso-
ciations with p values below 0.05 but above 0.003 as suggestive
evidence of associations in the univariable MR analysis. The multi-
ple testing was not tailed for multivariable MR analysis due to the
mutual adjustment nature of multivariable MR analysis. Statistical
power was estimated using a webtool26 and the results are shown in
Supplementary Table S4. All analyses were performed using the
mrrobust package27 in Stata/SE 15.0 (Stata Statistical Software:
Release 15; StataCorp LLC, College Station, TX, USA) and the
TwoSampleMR22 and Mendelian Randomization package28 in R
Software 3.6.0 (R Core Team, R Foundation for Statistical Com-
puting, Vienna, Austria, 2019; https://www.R-project.org).

Data Availability
The datasets analyzed in this study are publicly available sum-
mary statistics. Data used can be obtained through cited papers.

FIGURE 3: Associations of apolipoprotein B, LDL cholesterol, and triglycerides with stroke and subtypes in multivariable inverse-
variance weighted model. AIS = acute ischemic stroke; CI = confidence interval; LAS = large artery stroke; LDL = low-density
lipoprotein; OR = odds ratio; SNPs = single-nucleotide polymorphisms; SVS = small vessel stroke.
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Results
Univariable MR Analysis
Genetically predicated increased levels of apoB, LDL cho-
lesterol, and triglycerides and decreased levels of apoA-I
and HDL cholesterol were significantly or suggestively
associated with higher risk of acute ischemic stroke (AIS),
LAS, and SVS, but not with CES. The effect sizes of the
lipid-related traits were similar for LAS and SVS than for
AIS (Fig 2). Results of sensitivity analyses are displayed in
Supplementary Table S5. The observed associations per-
sisted based on data from individuals of European descent
(Supplementary Table S6). We did not detect any reverse
associations of genetic liability to stroke with the levels of
lipids and apolipoproteins (Supplementary Table S7).

Multivariable MR Analysis
Results of multivariable MR analysis are displayed in
Figure 3 and Figure 4. In the multivariable MR analysis
with mutual adjustment for apoB, LDL cholesterol, and
triglycerides, apoB retained a robust causal association
with AIS, LAS, and SVS, whereas the estimate for LDL
cholesterol was reversed and that for triglycerides largely
attenuated. The ORs of AIS, LAS, and SVS were 1.31
(95% CI = 1.01, 1.69), 1.69 (95% CI = 0.99, 2.87), and

2.18 (95% CI = 1.14, 4.18), respectively, for one-SD
increase of apoB (Fig 3). The pattern for the comparative
role of apoB, LDL cholesterol, and triglycerides in ische-
mic stroke persisted when the analysis was confined to
individuals of merely European ancestry (Supplementary
Table S8). In the analysis of mutual adjustment for
apoA-I and HDL cholesterol, the magnitude of the associ-
ations for HDL cholesterol persisted or became stronger
but became nonsignificant. Associations for apoA-I
became weaker or attenuated substantially to the null in
the analyses of LAS and SVS. The results were consistent
based on data derived from individuals of European
descent and multi-ancestries (Fig 4 and Supplementary
Table S8). We did not include CES in Figures 3 and 4
because no association was detected in the univariable MR
analysis of lipids and apolipoproteins with CES.

Discussion
Principal Findings
The present study confirmed the causal effects of apoB,
apoA-I, LDL and HDL cholesterol, and triglycerides on
ischemic stroke. Results of multivariable MR analyses
showed that the effect of apoB on ischemic stroke
remained robust, whereas the associations of LDL

FIGURE 4: Associations of apolipoprotein A-I and LDL cholesterol with stroke and subtypes in multivariable inverse-variance
weighted model. AIS = acute ischemic stroke; CI = confidence interval; HDL = high-density lipoprotein; LAS = large artery
stroke; OR = odds ratio; SNPs = single-nucleotide polymorphisms; SVS = small vessel stroke.
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cholesterol and triglycerides entities with ischemic stroke
attenuated markedly to the null after the adjustment. This
suggests that apoB is the critical entity that underlies the
positive associations of lipid-related factors and ischemic
stroke, in particular, large artery and small vessel stroke.
The associations for HDL cholesterol and apoA-I became
nonsignificant after adjustment; however, the magnitude
of the associations for HDL cholesterol remained or
became stronger. Whether HDL cholesterol had predomi-
nant effects on ischemic stroke needs more study.

Our findings of the univariable MR investigation are
overall in line with previous studies on LDL and HDL
cholesterol in relation to ischemic stroke.1–5 However, a
previous MR study based on a smaller sample size revealed
that only LDL cholesterol was statistically significantly
associated with LAS and that HDL cholesterol was related
to SVS.2 That study did not observe any associations of
triglycerides with ischemic stroke and subtypes, which is
not consistent with the present study and a recently publi-
shed MR study.3 Discrepancy might be caused by inade-
quate power due to limited phenotypic variance explained
by used genetic variants for the lipid trait and/or small
sample size for stroke outcomes. Observational and
genetic studies have reported an inverse association of
apoA-I and a positive association of apoB with ischemic
stroke.29,30 The present MR study confirmed those associ-
ations but extended the evidence to show that only apoB
showed independent effects on stroke.

Studies on comparative effects of apoB, LDL cho-
lesterol, and triglycerides on stroke are limited. Neverthe-
less, the finding of a predominant role of apoB in
ischemic stroke observed in our study showed agreement
with several studies on ischemic cardiovascular dis-
ease.9,31,32 In the Copenhagen City Heart Study, even
though apoB was not found to predict ischemic stroke
better than LDL cholesterol in a clear pattern, women
with higher levels of apoB had similar risk estimates for
ischemic cerebrovascular disease and ischemic stroke
compared with those with lower levels.32 Notably, the
observed dominant role of apoB does not discredit the
causal roles of LDL cholesterol or triglycerides in ische-
mic stroke, as both LDL cholesterol and triglycerides are
enveloped in atherogenic lipoproteins, each containing
an apolipoprotein B molecule that cannot occur in physi-
ological isolation.33 Instead, our study provides genetic
evidence that apoB is the necessary element in order for
bad lipoprotein lipids to exert their causal effect on ische-
mic stroke. In other words, changes in the amount of
cholesterol and triglycerides in lipoproteins that are not
accompanied by commensurate changes in number of
lipoprotein particles containing apoB may not affect
ischemic stroke risk. Mechanically, this finding is

supported by the “response to retention” hypothesis that
apoB is the necessary entity for atherosclerosis to
occur.15,16 In detail, particles containing apoB trapped in
the tunica intima of the arterial wall cause
atherosclerosis.34

Studies on comparative effects of HDL cholesterol
and apoA-I are limited. The present study found a stron-
ger effect of HDL cholesterol than of apoA-I on ischemic
stroke. However, due to an inadequate power embedding
in multivariable MR analysis, whether HDL cholesterol
plays a predominant protective role in the etiology of
ischemic stroke needs more investigation. High HDL cho-
lesterol levels prevent the oxidation of LDL cholesterol
and increase the reverse transport of LDL cholesterol from
peripheral tissues to the liver where degradation hap-
pens.35 These functions of HDL cholesterol lower the risk
of atherogenesis and may explain why high HDL choles-
terol levels reduce the risk of ischemic stroke.

Public Health and Clinical Implication
Clinical trials have demonstrated that modifying LDL
cholesterol and triglycerides through angiopoietin-like pro-
teins 4 and proprotein convertase subtilisin/kexin type
9 inhibitor might be promising approaches to lower the
risk of ischemic stroke.36,37 The present study supports
these current treatments. More importantly, our findings
shed new light on the focus of lipid-modifying therapies,
which should be the reduction in the number of athero-
genic lipoprotein particles rather than the reduction in the
amount of cholesterol or triglycerides within the particles.
In addition, from the preventive perspective and especially
among individuals with discordant apoB and LDL choles-
terol levels, we promote apoB measurement as one of rou-
tine blood lipid examination.

Strengths and Limitations
There are strengths of the present study. The major one
was the multivariable MR method, which compared the
roles of different correlated lipid-related traits in ischemic
stroke and exempted the findings from residual con-
founding and reverse causality. We used updated genetic
instruments for lipid-related traits, thereby ensuring an
adequate power in analysis. The major limitation was that
there were missing SNPs that might compromise the
power and accuracy of analysis. However, the missing
rates were not dissatisfying for AIS, LAS, and CES (all
under 15%), except for SVS. Thus, the observed associa-
tions for SVS needs to be verified. In addition, a small
proportion of stroke cases were from non-European
descents (around 14%), which might introduce popula-
tion stratification bias. Nevertheless, the consistent find-
ings based on data from individuals of only European
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ancestry indicated that there was a neglectable chance of
population stratification bias twisting our findings. The
CIs in the multivariable MR analysis were wide, which
might reveal some degree of compromise of the precision
of MR statistical model fitting strongly correlated expo-
sures. Finally, the associations of SNPs with levels of
lipid-traits were derived from non-fasting blood samples,
which might cause inaccuracy in estimation. Nonetheless,
the GWAS for lipid-related traits found that adjustment
for fasting time led to negligible alterations in the effect
estimates.

Conclusions
In summary, the present MR study provides evidence
supporting apoB as the predominant trait that accounts
for the etiological basis of apoB, HDL cholesterol, and tri-
glycerides in relation to ischemic stroke, in particular large
artery and small vessel stroke. Whether HDL cholesterol
exerts protective effects on ischemic stroke independent of
apoA-I needs further investigation.
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